In order to clarify the tritium behavior in PbLi blanket system, the solubility of hydrogen isotopes in the PbLi eutectic alloy was experimentally investigated. The effects of (i) Li preferential evaporation from PbLi, (ii) thermal convection in a quartz-glass reaction tube and (iii) difference in crucible materials between Al 2 O 3 and W on the solubilities were discussed. Another important issue of the PbLi blanket system is to develop a new ceramic coating to decrease tritium permeation rate. Tritium permeation test was performed for Er 2 O 3 coating on F82H. The permeation reduction factor achieved here was higher than 10 3 . Precise experiments were carried out to determine the solubility, diffusivity and permeability of hydrogen isotopes in PbLi eutectic alloy by means of a transient permeation method. The isotope effects in solubility and diffusivity between H and D were clarified. No isotope effect in solubility was observed between H and D, and the H diffusivity was 1.4 times larger than the D one. The ratio was near to a value predicted from the classical theory. Experiment using tritium is designed under the collaboration work with INL.
Introduction
The PbLi alloy system has a eutectic content around at x Li = 0.17 in the phase diagram as shown in Fig. 1 .
1) The PbLi eutectic alloy has been adopted in several blanket concepts such as He-cooled or dual-cooled breeder for the Test Blanket Module (TBM) of International Thermonuclear Experimental Reactor (ITER). For examples, the two concepts of the He-cooled lead lithium (EU-HCLL) and the dual coolant lead lithium (US-DCLL) 2) were proposed from EU and US. Moreover, a blanket concept of PbLi wet wall has been adopted in a laser fusion reactor, KOYO-Fast, 3) proposed by Osaka University in Japan. The PbLi eutectic alloy is selected as tritium breeder by the reasons; (1) high tritium breeding ratio (TBR), (2) low melting point of 235°C at the eutectic composition, (3) no metallurgical damage by neutron irradiation because it is melted, (4) less chemical reactivity with O 2 and H 2 O and so on. On the tritium breeding, TBR = 1.16 for the PbLi/V alloy blanket and TBR = 1.03 for the PbLi/SiC/HT-9 blanket system were estimated in a spherical torus reactor previously. 4, 5) The TBR values are not so much larger than unity that we must recover tritium at high ratio as much as possible and reduce the rate of tritium leakage to the environment for fusion safety. The potential tritium safety is deeply related with not only the tritium inventory but also tritium permeation through structural walls or heat-exchanger tubes. The main targets of the researches focused and reviewed here are (i) to determine the solubility of hydrogen isotopes including tritium in the PbLi eutectic alloy, (ii) to clarify the corrosive action of the eutectic alloy to facing materials and finally (iii) to determine the tritium permeability through heat-transfer tubes. Researches presented previously are reviewed here.
Tritium-Relating Properties of PbLi Breeder
The PbLi alloy with a eutectic composition gives the lowest melting temperature of 235°C. As shown in Fig. 1 , the eutectic composition was considered Li : Pb = 17 : 83 previously. Different from the value, P. Hubberstey et al. 6) gave a slightly smaller Li composition of Li : Pb = 15.7 : 84.3. The activity of Li in the PbLi alloy system is heavily decreased with the Li composition. R. E. Buxbaum 7) and M. Hock 8) investigated the temperature dependence of the Li activity for various alloy compositions. We also determined the Li activity in several PbLi alloys with different Li contents and correlated them in terms of the Li content.
9) The values are summarized in Fig. 2 . As seen in the figure, the Sieverts' constants K PbLiH as a function of the various PbLi components are approximately correlated in terms of the following logarithmic addition of the Sieverts' constants for each component regardless of temperature:
where K LiH , K PbH , x Li and x Pb are the Sieverts' constants for the LiH and PbH systems and the atomic fractions of Li and Pb in the alloy, respectively. The Sieverts' solubility data were also correlated using another empirical polynomial equations. 7, 8) However, eq. (1) shows more concretely the dependence of the solubility on each atomic molar fraction of constituent metals of Li and Pb. The Sieverts' constant is heavily decreased with the Li atom fraction in the alloy. The Li activity coefficient at the eutectic composition is in the order of 10
¹4
. This is because the chemical activity of Li in PbLi alloy is much different from pure Li. The chemical state of H in PbLi alloy was investigated based on the numerical simulation described below.
The liquid metal atoms of Li and Pb have different chemical properties. When a H atom is dissolved in liquid metals composed of Li + Pb atoms, the H atom is trapped in a position surrounded by 5 Pb atoms and one Li atoms on average, judging from the composition ratio. When the H atom is located at the stable position near the Li atom, the charge state of H is changed to H ¹ . Atomic vibration causes migration of H atom to a neighbor site, which is numerically simulated based on the first-principle molecular dynamic calculation. 10) Figure 3 shows a diffusion path of H through PbLi alloy atoms. On the contrary, the H 0 charge state appears when the H atom is positioned at the neighbors to a Pb atom. When the H atom diffuses through a position surrounded by 1 Li + 3 Pb atoms on average, it is found that the H ¹ state becomes more stable. Then the H atoms cross over the H 0 positions surrounded by the 4 Pb atoms on average. The activation energy is estimated to be 0.29 eV (= 2.8 kJ/mol), which is almost equal to the experimental activation energy of H diffusivity of the PbLi eutectic alloy, and the results will be shown in the later section. The value estimated by the first-principle calculation on H diffusion in the PbLi eutectic alloy is consistent with the experimental value. Other various properties that can be used for the blanket design are available in the other works.
11,12)
Results Relating with Tritium Safety
Minimizing tritium inventory in a blanket is the most important factor to enhance the potential safety of a fusion reactor. In ITER, the maximum allowable inventory within the reactor site is predicted around 1 kg T. D. K. Sze et al. 4) estimated the tritium inventory in the PbLi blanket design such as ARIES-spherical Tokamak reactor. However, it was found that there is large scattering among previous solubility data for the PbLiH system. All the data are summarized in Fig. 4 . The ratio of the maximum value to the minimum one for the PbLiH solubility at a specified temperature reaches in the range of around 10 4 . Consequently, the correct blanket design cannot be made under this circumstance. In addition, the reason why such large scattering is observed has not been clarified yet. Uncertainty in solubility data leads to the distrust of the tritium safety of fusion reactors. The correct blanket design can be made based on the accurate estimation of tritium inventory. As the second reason, tritium data can be determined only by using highly purified tritium. The radioactivity of pure tritium is 355 TBq/g and is very high. It needs extremely strict control on radioactivity. Therefore, Safety and Tritium Applied Research (STAR) facilities in Idaho National Laboratory (INL) were utilized to handle the pure tritium in PbLi alloys.
Almost all the previous data of H solubility in PbLi alloys were determined by means of a constant volume method. Also in this work, a similar apparatus was set up in INL. 150 g of purified PbLi eutectic alloy was put in an Al 2 O 3 crucible in a quartz-glass tube at first (depicted by TITAN09 in Fig. 4) or then a W-coating crucible (depicted by TITAN11). The crucible temperature was controlled by an outside induction heater. A specified amount of hydrogen isotope gas was introduced into the tube. Solubility was determined from pressure difference in a constant volume before and after H absorption in the PbLi alloy. Resultantly, one-order difference was observed between the two absorption data using the The ICP analysis revealed that the condensed material at the top of the quartz-glass tube was Li and Pb. Its Li content was much higher than the eutectic composition. In other words, the preferential concentration of Li occurred at the top position of the quartz-glass tube. Previous data on evaporation of various PbLi alloys 13) also support the fact that Li preferentially evaporates from the PbLi surfaces.
Judging from the experiment and simulation for the PbLi H system, the Li chemical activity in the PbLi alloy is heavily affected by the surrounding Pb atoms as seen in Figs. 2 and 3 . Since the H solubility in pure Li is much higher than that in Pb, the H solubility of the PbLi alloy heavily changes with the LiPb atomic ratio. All those things may affect the scattering in the H isotope solubility of PbLi eutectic alloy as seen in Fig. 4 . The tritium experiment is going to be carried out at the INL-STAR.
T. Chikada et al. 1416) are intensively investigating a technique of a new ceramic coating to decrease heavily tritium permeation through structural materials. It is another important task to decrease rates of tritium permeation through fusion reactor materials. Experiment is being carried out to determine the tritium permeability through F82H (Reduced Activity Ferrite/Martensite) steel that is a promising candidate for structural materials, and part of the results determined using tritium are shown in Fig. 6 . They developed an Er 2 O 3 film coating to decrease tritium permeation rates. When the F82H tube was coated with the oxide, the original permeability was heavily decreased as seen in the figure. The permeation reduction factor of erbium oxide coating achieved was higher than 10 3 . New data on tritium permeation through tubes of F82H or other materials with Er 2 O 3 coating will be obtained in INL-STAR.
Results Based on a Transient Permeation Method
At least two necessary conditions of self-supplemental tritium production of TBR > 1 and allowable tritium leakage to the outside lower than 1 g/year (= 26 Ci/day = 11 MBq/s) should be achieved to prove the safety of fusion reactor.
4) The two conditions are deeply related with the accuracy of diffusivity and solubility of hydrogen isotopes including tritium in the blanket materials. However, there was large scattering among the solubility data of PbLi that were determined by a constant volume method that was already shown. We have also determined experimentally the solubility, diffusivity and permeability by an unsteady permeation method 1720) using an apparatus shown in Fig. 7 . No datum has been reported on hydrogen isotopes permeation through PbLi alloy in the two or three-component system. Hydrogen permeation through PbLi in the twocomponent (H + D) system was measured by means of a transient permeation method in Kyushu University. Isotope effects among H, D (and T) in the multi-component permeation system are more clearly obtained, if tritium is present along with other hydrogen isotopes of H and D under the same PbLi condition. Isotope effects among H, D (and T) can be determined by investigating simultaneous permeation rates when two-component or threecomponent hydrogen isotopes are present at the same time in a system. Fig. 4 Comparison among previous data for Li 17 Pb 83 H solubility. The solubilities of hydrogen isotopes in the eutectic PbLi alloy were determined in a single component system except for our data which was determined by using the two-component system.
TITAN09 TITAN11
A layer of PbLi eutectic alloy was put on a thin ¡-Fe plate in a 304 stainless-steel enclosure. Hydrogen isotope mixtures were introduced into the bottom of the PbLi cell. We analyzed the system of one-dimensional and two-dimensional permeation through the PbLi alloy by using the following diffusion equation:
where the subscript i means any isotope of H, D and T, and the subscript k does any of the materials among PbLi, sus304 and ¡-Fe. Permeation proceeded mainly in the longitudinal z direction, and the rate of partial leakage of hydrogen in the radial direction was estimated using the twodimensional numerical simulation. The permeabilities of ¡-Fe and sus304 were estimated using previous correlations. 18 ) As a result, hydrogen permeation in the radial direction was negligibly small, and the ratio of the radial direction to the longitudinal one was smaller than the several percent in the present system. H or D in PbLi permeates in the atomic form. The Sievers' law applied to an interface between the gas and liquid surfaces. 19) When the cell of the bottom section without the PbLi layer was supplied with H 2 , the permeation rate was very fast, and its time response was quick in our previous data. 18) Therefore, in the process of H and D permeation through PbLi alloy, the permeation resistance through ¡-Fe was considered negligibly small. Then, the transient permeation flux j PbLi-i for the i component of hydrogen isotope was approximated by the following equation: 19)
The steady-state values of H and D permeabilities are plotted in Fig. 8 as a function of D/(H + D) atom fraction in the upstream gas. As seen in the figure, the H or D permeability was independent of the D/(H + D) atom fraction regardless of the presence of other components. The isotope effect of the permeability between H and D is around 1.4, which is equal to the mass ratio of H and D. Thus classical isotope effect was observed in the process of the permeability of H and D through LiPb. This can lead to estimate the diffusivity and solubility of tritium in LiPb. Figures 4 and 9 show the temperature dependence of solubility and diffusivity of H and D in the eutectic PbLi alloy respectively, which were determined from transient permeation curves. The diffusivity or solubility was found to have slightly different temperature dependence between H and D. The solubility or diffusivity was correlated to the single equation independent of the H/D component ratio. These were averaged over each temperature. It was found that H and D permeate independently regardless of the H/D component ratio. Compared with other data, there was almost the same trend among the diffusivity data. The diffusivity of H was around 1.4 times larger than that of D in the temperature range from 773 to 973 K. On the other hand, compared with the previous data in the solubility data, 18 ) the solubility of hydrogen had similar temperature dependence. and HD). 18) A dual component of H + D mixture was supplied to the bottom section of the permeation cell, and the concentration of H + D mixture permeating through the LiPb layer maintained at a constant temperature is detected by gas chromatography. Numerical simulation of simultaneous H + D permeation for the two-dimensional configuration was performed. The H + D permeation through sidewall was negligibly small compared with the one-dimensional permeation rate in the z direction. However, there was the different temperature dependence among the solubility data.
18) The solubility of H was close to that of D. The isotope effect for diffusivity has been considered to be in proportion to the square root of the mass ratio of D to H. The values of tritium can be predicted by considering the isotope effect between H and D based on the theory of statistical quantum mechanics. The tritium diffusivity can be predicted as 1/1.7 time as low as hydrogen one in the temperature range from 773 to 973 K.
Conclusions
Properties related with tritium inventory and recovery in the PbLi liquid blanket were summarized here, when the eutectic alloy was applied to a tritium breeder in fusion reactor. The solubility and diffusivity of hydrogen isotopes in PbLi were summarized and compared among previous data. The differences among previous solubility data were experimentally explained based on the Li activity changes in the PbLi alloy system and interactions with wall materials. Isotope effects of solubility and diffusivity for H and D in the PbLi eutectic alloy were determined. The decrease of tritium permeation through Er 2 O 3 coating on F82H was presented. Diffusivities of hydrogen isotopes in PbLi were determined using single component system except for our data which was determined by using two-component system.
